Background Quiescence is a fundamental feature of plant life, which enables plasticity, renewal and fidelity of the somatic cell line. Cellular quiescence is defined by arrest in a particular phase of the cell cycle, typically G1 or G2; however, the regulation of quiescence and proliferation can also be considered across wider scales in space and time. As such, quiescence is a defining feature of plant development and phenology, from meristematic stem cell progenitors to terminally differentiated cells, as well as dormant or suppressed seeds and buds. While the physiology of each of these states differs considerably, each is referred to as 'cell cycle arrest' or 'G1 arrest'.
PHYSIOLOGICAL STATES OF QUIESCENCE
Multicellular life requires spatial and developmental control of cell proliferation. As plants have no fixed plan, they have evolved particularly flexible and opportunistic means to regulate cell division and fate, in response to nutritional availability and abiotic and biotic stress. Higher plant form also accommodates many specialized cell, tissue and organ types, which are defined by a lineage of cell differentiation. In addition, many plants have evolved mechanisms to calibrate growth and reproductive cycles to seasonal rhythms in the availability of light and temperature. These spatial, developmental and ecological features underpin the physiology of quiescence in plants (Considine and Considine, 2016) .
At the organ and plant levels, the functional units of higher plant development are the meristems, principally the root and shoot apical meristems (RAM, SAM), but also cambium and intercalary meristems (Esau, 1965) . The core of meristems is a small population of pluripotent stem cells, which are replenished and maintained by a reservoir of quiescent cells: the organizing centre (OC) and quiescent centre (QC) in the SAM and RAM, respectively (Verdeil et al., 2007; Aichinger et al., 2012) . The micro-environment or niche of the stem cells in the SAM and RAM aid in the maintenance of their pluripotency. The niche defines non-cell-autonomous regulation of cell identity and fate. It is widely accepted that the slow cycling of QC and OC cells serves to ensure fidelity of DNA replication (Cruz-Ram ırez et al., 2013; Heyman et al., 2014) . Thus, quiescence within meristem organization has essential functions to preserve genome integrity, ensuring that the foundation of cell lineage is faithful to the parent genome. However, quiescence may also refer to cells of additional physiological states, notably dormant meristems (Considine and Considine, 2016) or differentiated cells (Polyn et al., 2015) . Thus, we define three modes of quiescence in this review:
(i) Meristematic quiescence, which refers to a transient state of repressed cell division in undifferentiated cells, whereby proliferation resumes immediately upon relief from the suppressing condition. This could equally be termed embryonic quiescence but for simplicity we refer to the meristem. This definition includes quiescence of the QC and OC cells, as quiescence is maintained by non-cell-autonomous regulation; targeted cell ablation studies have demonstrated that QC cells can change fate, or conversely that stem cells can adopt QC identity (van den Berg et al., 1997) . It also includes suppression of quiescent shoot meristems (buds) by apical dominance or source/sink relations (paradormancy; Lang et al., 1987) and non-or post-dormant seeds and buds under inadequate growth conditions (ecodormancy; Lang et al., 1987; Considine and Considine, 2016) . (ii) Dormancy, a unique mode of quiescence, which is entrained in the life history of the plant, and requires quantitative conditioning to enable the transition to growth competence (i.e. to meristematic quiescence). (iii) Terminal differentiation, or cell cycle exit (Polyn et al., 2015) . Although differentiated cells still maintain the ability to endocycle, and cell identity can be reprogrammed, enabling pluripotency or totipotency (de Veylder et al., 2007; Verdeil et al., 2007) , the literature commonly refers to differentiated cells as quiescent, i.e. non-mitotic. Understanding the molecular decision to cease division may help to define the more reversible modes of meristematic quiescence and dormancy.
Two further modes that we exclude from this review for simplicity are senescence and stress-induced quiescence, such under hypoxia (Bailey-Serres and Voesenek, 2008; Pucciariello and Perata, 2013) . Rather, we focus on the developmental context. In this review, we explore the regulation of the cell cycle with particular focus on cellular decisions to enter and maintain quiescence in each of the three modes we have defined, in order to highlight the importance of cell cycle regulation in plant survival, and consider whether distinct sets of cell cycle regulators suppress cell division in these quiescent states. Thus, the primary motivations for this review were two questions: (1) Are the canonical cell cycle regulators superior or subordinate in the regulation of quiescence? (2) Are these three modes of quiescence regulated by distinct molecular controls? In addressing these questions, we draw on knowledge from the root meristem, particularly the QC and meristem transition zone, as well as the seed and shoot meristems. For reference, we briefly summarize the canonical cell cycle regulators, but refer readers to previous comprehensive reviews for further detail, particularly on the synthesis and mitotic phases (Inzé and de Veylder, 2006; de Veylder et al., 2007) . Gutierrez (2016) also provided a timely overview of the history and progress of cell cycle research in plants, Sablowski (2016) updated the relationship between the cell cycle and cell growth, and Verdeil et al. (2007) summarized the regulation of stem cell potency. Of more direct relevance to this review, Considine and Considine (2016) examined the physiology of quiescence and dormancy, Polyn et al. (2015) summarized the cell cycle decisions during transition to differentiation, and Heyman et al. (2014) summarized the evidence that QC cells serve as founder stem cells in the root apical meristem, providing a very useful summary of relevant actors on cell cycle decisions at the interface between quiescence and proliferation. We seek primarily to add to these reviews, rather than duplicate; however, it is necessary to give an introduction to the canonical cell cycle, to provide context for comparing nuclear states. Figure 1 describes the regulation of the canonical plant cell cycle, Figure 2 describes the regulation of dormancy and quiescence by plant hormones and chromatin modification, and Figure 3 provides a concise summary of the principal regulatory features governing the three quiescent states of G1 (i-iii).
CANONICAL CELL CYCLE CONTROL
Mitosis is defined by a sequence of regulated and coordinated cyclic events or phases that recur through subsequent cell divisions. It facilitates the duplication of cellular material and their subsequent division between daughter cells. Similar to all other eukaryotes, the plant cell cycle includes two principal phases -the DNA synthesis (S) and mitosis (M) phases and two intervening gap phases -G1 and G2 (Fig. 1; Inzé and de Veylder, 2006; de Veylder et al., 2007) . The S phase comprises DNA replication and synthesis of histone proteins required to package genomic DNA, while the M phase involves the segregation of genetic material to two daughter cells through nuclear (karyokinesis) and cell (cytokinesis) division. The gap phases serve to monitor intra-and extracellular conditions and DNA fidelity, enabling check-point decisions and DNA repair (Waterworth et al., 2011) . The G1 phase primes the cell for the subsequent DNA replication, through the synthesis of mRNA, histone proteins and the enzymes required for replication. The G2 phase involves synthesis of RNA and proteins required for mitosis. A third, somewhat ethereal gap phase termed G0 defines nuclear quiescence (Fig. 1) .
Primary cell cycle regulators
The cell cycle is governed by the activity of protein kinases called cyclin-dependent kinases (CDKs) and their regulatory partners, called cyclins (CYCs; Inzé and de Veylder, 2006; de Veylder et al., 2007) . These cell cycle regulatory proteins are highly conserved among eukaryotes at the molecular level. The activation of CDKs requires phosphorylation by CDKactivating kinases (CAKs) and their inactivation involves cyclin-dependent kinase inhibitors (CKIs), known as kiprelated proteins (KRPs) in plants (Fig. 1) . The G1/S and G2/M transitions are known to be key regulatory check-points for cell division, with the cell cycle not ensuing without appropriate cell developmental progress. In plants, the A-type CDKs (CDKAs) act upon the G1/S and G2/M phase transitions and during the S phase, while the B-type CDKs (CDKB) act on the G2/M transition and during the M phase (Fig. 1) . The Dtype CYCs (CYCD) operate in partnership with the CDKAs during the G1/S transition, while A-type CYCs (CYCA) act during the S phase, and with B-type CYCs (CYCB) during the G2/M transition. In this way, phase-specific activities are determined by the corresponding partnerships. Proteolysis by the ubiquitin-proteasome system, involving the 26S proteasome, ubiquitin-carrying enzymes (E2) and ubiquitin-protein ligases (E3), ensures unidirectional cycling of cells through the proliferation cycle (reviewed by Marrocco et al., 2010) . The anaphase-promoting complex/cyclosome (APC/C) and Skp1/ Cullin/F-box protein (SCF)-related complex are the E3 ubiquitin ligases involved in targeting cell cycle proteins for proteolysis.
G1/S transition
The G1 phase functions to prepare the nuclei for S phase and is the principal medium of cross-talk between environmental signals and cell cycle activation/progression (Inzé and de Veylder, 2006) . The presence of growth-promoting factors such as sucrose, auxin and cytokinin induces the expression of genes coding for CDKA and CYCD, promoting the formation of the CDKA/CYCD complex. Activation of the CDKA/CYCD complex requires phosphorylation by the CAK pathway, comprising CDKF and CDKD associated with CYCH ( Fig. 1) . Meanwhile mitotic inhibitors, such as abscisic acid (ABA), can inactivate the CDKA/CYCD complex by inducing KRPs, resulting in cell cycle arrest at the G1/S check-point and subsequent accumulation of cells at G1. Low-energy homeostasis also induces KRPs, leading to G1 arrest; however, this relationship is not yet clear as the energy sensor SUCROSE NON-FERMENTING 1-RELATED KINASE1 (SnRK1) can directly phosphorylate KRPs, leading to their inhibition (Guérinier et al., 2013) . Arrest at G1 is commonly observed in inactive or dormant tissues or organs under conditions unfavourable for growth (discussed further below). The retinoblastoma-related protein (RBR) in plants is a primary phosphorylation target of the CDKA/CYCD, and, in partnership with the E2F/DIMERIZATION PARTNER (DP) transcription factors, exerts considerable influence over the G1/S phase transition (Wildwater et al., 2005) . Cell-specific silencing of RBR triggers QC division (Cruz-Ram ırez et al., 2013) . The Arabidopsis RBR binds three types of E2F (E2Fa-c), with differential activities on the cell cycle. E2Fa and E2Fb promote the G1/S transition, while E2Fc represses it. The Arabidopsis E2F isoforms form heterodimers with two DPs, primarily DPa, to promote nuclear localization. Based on this, the G1/S transition is elicited by the CDKA/CYCD complex through two parallel pathways: (1) phosphorylation of CDKA/CYCD causes degradation of the E2Fc/DP-RBR transcriptional repressor complex by SCF E3 ubiquitin-protein ligase; and (2) phosphorylation of RBR in the E2Fa-b/DP-RBR complex activates the E2Fa-b/DP complex, enabling transcriptional activation of the cis-acting E2F box motif of S phase genes and subsequent entry into S phase of DNA replication (Fig. 1) . Energy signalling also converges on E2F, as Arabidopsis TARGET OF RAPAMYCIN1 kinase (TOR1) directly phosphorylates and activates E2Fa, promoting G1/S phase progression (Xiong et al., 2013) . Interestingly, E2Fa also positively influences the commitment to differentiate, with the finding that The cell cycle comprises four principal phases: DNA synthesis (S), mitosis (M) and two intervening gap phases (G1, G2), plus a theoretical quiescent phase (G0). Growth-promoting factors promote formation of the CYCD/CDKA complex, which, when activated by CDKF and CDKD in association with CYCH (CAK pathway), causes phosphorylation of RBR, thus activating the E2F/DP complex, which encourages the transcription necessary to cause G1/S transition. CYCAs are synthesized during the S phase, which, in complex with CDKAs, promotes transition to G2. CYCA/B in complex with CDKA and CDKB under the regulation of the CAK pathway acts at the G2/M check-point to regulate G2/M transition. WEE1 kinase suppresses the G2/M transition in response to DNA damage. In the absence of growth-promoting conditions, cells restrict growth in G0 but resume growth when favourable conditions become available. Differentiated and/or senescent G0 cells are rarely capable of re-entering the cell cycle. In animals, it has been proposed that cells can only enter G0 prior to the restriction point (R), but after passing R are committed to the cell cycle; as yet the evidence for this restriction point is lacking in plants. Mitotic inhibitors are capable of inactivating the CYC/CDK complexes by stimulating CKIs like KRP, causing cell cycle arrest at the check-points. KRP can be inactivated by CDKB kinase activity, causing an increase in CDK activity during mitosis. þ and -indicate promotion and inhibition of the pathways, respectively. For simplification, P indicates either ATP (when it is used as substrate) or phosphate (when it is linked to a molecule). CDKs, cyclin-dependent kinases; CYCs, cyclins; CKI, cyclindependent kinase inhibitor; KRP, kip-related proteins; RBR, retinoblastoma-related protein.
proliferating cells retain a fraction of E2Fa in complex with RBR, preventing premature differentiation (Magyar et al., 2012) , and providing a clue to the distinction between meristematic quiescence and terminal differentiation (discussed further below).
G2/M transition
The G2/M transition check-point ensures that only cells with replicated DNA enter mitosis. During this transition, cyclins CYCA, CYCB and likely CYCD form complexes with CDKA and CDKB, which is transcriptionally regulated by the E2F pathway ( Fig. 1; de Veylder et al., 2007) . The activity of these individual complexes is regulated by the CAK pathway, comprising CDKF, CDKD and CDKH. The WEE1 kinase regulates the activity of CDKs through phosphorylation and suppresses the cell cycle in response to DNA damage (Fig. 1) . Initial reports suggested that a plant homologue of CELL DIVISION CYCLE 25 (CDC25)-related kinase may have a similar function to that in animals, activating the CYC/CDK complex and consequently triggering the G2/M transition. However, this hypothesis was challenged by evidence demonstrating that neither mutant nor CDC25-overexpressing plants have altered cell cycle progression, suggesting that the plant CDC25 homologue does not play a particular role in regulating the cell cycle (Dissmeyer et al., 2009) . Finally, APC/C-mediated degradation of the complex completes mitosis (Marrocco et al., 2010) .
Definition of G0
Various authors have used the term G0 to describe meristematic quiescence or terminal differentiation; however, whether G0 is a distinct nuclear state or merely a prolonged state of G1 is ill-defined. The G0 state (non-cycling cells) in plants was proposed on the basis of observations by Clowes (1971) , who found that the QC of maize roots contained a heterogeneous population of slowly cycling and non-cycling cells, as demonstrated by thymidine pulse-labelling experiments (Clowes, 1971) . The concept of G0 is more widely accepted in mammalian cells, as proposed by Pardee (1974) , who suggested a restriction point (R; Fig. 1 ) early in G1 that governs cell fate: G1 cells can enter G0 before reaching R but must commit to the cell cycle once they pass R. Somatic mammalian cells seem capable of entering a reversible (quiescent cells) or irreversible (senescent and differentiated cells) G0 state from G1 before R and, in rare cases, the irreversibly arrested cells have also been shown to re-enter the cell cycle by supressing certain tumour suppressors, such as retinoblastoma protein (RB) and tumour protein P53 (Pardee, 1974; Cheung and Rando, 2013) . The existence of this early-G1 restriction point (R) in plant cells is yet to be demonstrated, as opposed to the familiar late-G1 restriction point (or G1 restriction point) analogous to yeast START, which is a cell size/growth check-point.
Hence cell cycle progression is regulated by CDK activity and regulated ubiquitin-dependent proteolysis of the cell cycle master regulators, with fine-tuning provided by hormone and sucrose signalling. In the remainder of the review we consider the current knowledge of the cell cycle state in meristematic quiescence, dormancy and terminal differentiation. We particularly focus on the molecular functions that act on the maintenance of G1 and the G1/S transition. Table 1 summarizes the literature demonstrating that meristematic organs, whether quiescent or dormant, are predominantly arrested in the G1(/G0) phase.
MERISTEMATIC QUIESCENCE

Root and shoot apical meristems
Meristematic quiescence is exemplified by the QC and OC cells of the root and shoot apical meristem, respectively. We also propose that the physiological state of the QC and OC is reflected at the organ level in quiescent buds and non-dormant seeds and proleptic buds. Several key molecular regulators of the QC and OC and of stem cell identity are homologous (reviewed by Aichinger et al., 2012; Heyman et al., 2014) . As considerably more is known of the regulation of its identity and rate of proliferation, this section largely focuses on the QC of the RAM. We introduce QC physiology and identity before summarizing the current knowledge of molecular and biochemical regulators of the cell cycle in the QC, with particular attention to the convergence of the regulators of identity and the canonical cell cycle. We also introduce recent research demonstrating the centrality of redox and oxygen signalling in regulating quiescence and proliferation. We then extend this to summarize knowledge in relation to the cell cycle controls in quiescent buds.
The QC comprises a reserve of pluripotent stem cell progenitors at the core of the RAM, which is established early postembryogenesis. The QC cells are mitotically less active than the surrounding stem cells, their cell cycle duration being 3-to 6-fold longer. The size of the QC varies between species, e.g. from approximately four to eight cells in Arabidopsis (van den Berg et al., 1997) to 500-1200 cells in maize (Jiang et al., 2003) . In species with closed-type meristems the QC is anatomically constrained by the columella, cortical/endodermal and stelar stem cells, while in species with open meristems the QC cells are anatomically interspersed with the stem cells at the core of the RAM (Heimsch and Seago, 2008) . The QC cells are considerably more resistant to mutagens than surrounding stem or meristem cells, and divide asymmetrically to form the stem cells. According to the 'mortal strand' hypothesis, mitotic segregation of chromosomes is not random but serves to preserve the genetic identity of the QC, reducing the risk that any mutation during the S phase affects the integrity of the QC genome for future division (Charville and Rando, 2013) . Thus the low rate of cell division in the QC, together with an elevated expression of DNA repair genes, confers greater resistance to DNA mutagens such as bleomycin, zeocin and UV-B radiation (Cruz-Ram ırez et al., 2013) .
The developmental identity of the QC and stem cells is defined by a network of three converging pathways (Aichinger et al., 2012; Heyman et al., 2014) : (1) the polar auxin gradient (proximal to distal), driving expression of the PLETHORA (PLT) gene family, which in turn positively regulates auxin transport, reinforcing the gradient; (2) the radial signalling of the SCARECROW (SCR)-SHORTROOT (SHR) module; and (3) the polar signalling (distal to proximal) of CLV3/ EMBRYO SURROUNDING REGION (CLE) peptides via the ARABIDOPSIS CRINKLY 4 (ACR4) receptor-like kinase.
Together, these pathways converge on QC markers, notably the homeodomain transcription factor WUSCHEL RELATED HOMEOBOX 5 (WOX5). These signalling interactions are gated by plasmodesmata, which define symplastic fields (Daum et al., 2014) .
Although considerable genetic and biochemical research has been undertaken to identify the networks defining non-cellautonomous regulation of meristem cell identity, at least in Arabidopsis, exactly how they function in relation to cell cycle control, i.e. quiescence versus proliferation, remains to be elucidated. Identification of targets of PLT is still under way; however, a recent study indicated that the PLT family largely act redundantly to promote expression of a number of cell cycle genes, although auxin functions were primary targets in the QC (Santuari et al., 2016) . This is consistent with their expression maxima in stem cells (Galinha et al., 2007) and the positive feedback loop in auxin transport and PLT expression. In contrast, a loop involving the SCR/SHR complex, CYCDs and RBR constrains the formative division in the stem cell initials of the cortex/endodermis lineage (Cruz-Ram ırez et al., 2012). In stem cells, SCR and SHR act sympathetically with auxin to promote division via transcriptional activation of CYCDs. In the QC, SCR abundance is restrained by direct interaction with RBR. QC-specific silencing of RBR confirmed its function in repressing QC division, and further showed that this depletion of RBR heightened the sensitivity of QC cells to DNA damage (CruzRam ırez et al., 2013) , which is in agreement with the observations cited above. SCR also transcriptionally activates the QC marker WOX5 (Sarkar et al., 2007) , which in turn maintains quiescence, at least in part by transcriptional repression of CYCDs (Forzani et al., 2014) . Hence tight spatial control of these interactions enables division in stem cells and quiescence in the QC.
Less is known of how the regulatory networks that define cell identity and fate in the SAM, such as WUSCHEL (WUS) and CLAVATA3 (CLV3), directly regulate the cell cycle. However, Gaamouche et al. (2010) showed that expression of a dominant negative allele of CDKA in the shoot apex of Arabidopsis (driven by a SHOOT MERISTEMLESS (STM) promoter) restricted cell division and promoted premature differentiation. Nevertheless, these effects were coupled to the localization of STM, which is largely peripheral to the OC and stem cell niche. Regulated ubiquitin-dependent proteolysis is central to the maintenance of quiescence in the QC and OC, specifically through the APC/C, an E3 ubiquitin ligase (Marrocco et al., 2010; Heyman et al., 2014) . The APC/C is activated by CELL CYCLE SWITCH52 (CCS52) proteins, of which there are two A-type isoforms in Arabidopsis, which appear to have subtle but important differences with regard to the cell cycle and display different expression patterns (Vanstraelen et al., 2009) . Activity of the APC/C CCS52A2 appears largely confined to the QC and columella of the root (Vanstraelen et al., 2009 ) and the vegetative and reproductive SAM (Liu et al., 2012) . By contrast, CCS52A1 is localized to the transition zone (root) and implicated in the onset of the endocycle (see below). In ccs52a2 mutants there is increased proliferation of the QC and failure to retain QC identity post-germination (Vanstraelen et al., 2009) , and similarly there is disordered SAM organization, bifurcation and premature termination of inflorescence shoots (Liu et al., 2012) . Interestingly, the effect of the ccs52a2 mutant on SAM identity genes was dependent on developmental state. In ccs52a2 seedlings there were increases in the expression level of WUS and the expression zone of WUS and CLV3, resulting in an enlarged OC/stem cell niche (Liu et al., 2012) . In contrast, inflorescence meristems were smaller and showed reduced expression of WUS and CLV3, perhaps predicting termination of the reproductive meristem.
Further functional studies of the APC/C CCS52A2 complex in the root have identified one of the primary targets as a Group X ETHYLENE RESPONSE FACTOR (ERF115; Heyman et al., 2013) . Expression of the ERF115 is elevated early during mitosis and remains expressed throughout mitosis and G1 until early S phase. ERF115 is induced by a number of hormones, including ethylene, cytokinin, jasmonate and brassinosteroids, or by stem cell damage, with resulting increases in QC division (Heyman et al., 2013) . Site-directed mutation of one or other D-box motifs that are recognized by the APC/C lead to constitutive stability, indicating that post-translational modification is required to target ERF115 to the proteasome, and that this is stabilized under stress conditions. One of the transcriptional targets of ERF115 is the PHYTOSULFOKINE 5 (PSK5) peptide. The PSK5 is a peptide growth factor that controls root and shoot growth (Heyman et al., 2013 (Heyman et al., , 2014 . The action of TYROSYLPROTEIN SULFOTRANSFERASE (TPST) is required for the sulphation-mediated activation of PSK5, in addition to the activation of root growth factor (RGF)/Golven (GLV) peptides, which affect levels of PLT involved in QC maintenance (Heyman et al., 2014) . Hence a link to quiescence and cell identity has been established, although direct targets of the APC/C CCS52A2 involved in the canonical cell cycle remain to be resolved.
Silencing ERF115 does not completely attenuate brassinosteroid-dependent QC division (Heyman et al., 2013) . A second stress-responsive protein of the QC is the BRAVO protein (BRASSINOSTEROIDS ASSOCIATED AT VASCULAR AND ORGANISING CENTRE; Vilarrasa-Blasi et al., 2014) . BRAVO is a target of brassinosteroid signalling, which serves to repress BRAVO transcriptionally and posttranslationally (Vilarrasa-Blasi et al., 2014) . In developmental conditions, BRAVO represses QC division, while under stressinduced brassinosteroid signalling BRAVO is repressed, enabling activators of QC division such as ERF115 to accumulate and increase QC proliferation, e.g. to replace damaged stem cells. Nevertheless, direct targets of BRAVO with respect the cell cycle are yet to be determined (Vilarrasa-Blasi et al., 2014) .
Redox and oxygen-dependent regulation of meristem quiescence
Reactive oxygen species (ROS) and redox signalling play important roles in the spatial cellular control of the balance of quiescence and proliferation in the RAM and SAM (Considine and Foyer, 2014) . In the RAM, G1 arrest of QC cells is tightly coupled with oxidation of the principal soluble antioxidants ascorbate and glutathione, which is interdependent on the polar auxin maximum in the QC and surrounding stem cell initials. Accordingly, the ascorbate and glutathione pools are both highly oxidized in the QC, but highly reduced in the proximal meristem (Jiang et al., 2003) . Addition of glutathione (Kerk et al., 2000) or an ascorbate precursor (de Tullio et al., 2010) stimulated S phase progression in the QC, while the addition of oxidized glutathione (GSSG) or ascorbate (dehydroascorbate) favoured G0/G1 arrest (Potters et al., 2004) . In further support of the low redox buffering of the QC, levels of superoxide (O 2
•À ) and hydrogen peroxide (H 2 O 2 ) were considerably higher, and NADPH was undetectable in the QC in comparison with the proximal meristem (Jiang et al., 2003) . Disturbing the auxin gradient by removing the root cap or inhibiting auxin transport increased proliferation in the QC and abolished the difference in redox status of the ascorbate and glutathione pools in the QC and proximal meristem cells, such that the QC pools became more reduced and meristem pools more oxidized (Jiang et al., 2003) . Conversely, addition of an ascorbate precursor alters the polar auxin gradient (de Tullio et al., 2010) , indicating the interdependence of the auxin and redox gradients (Considine and Foyer, 2014) .
A number of studies of Arabidopsis mutants of synthetic pathways for redox metabolites and enzymes have described the central function of redox regulation of meristematic quiescence and proliferation (Considine and Foyer, 2014) . In particular, mutants of c-glutamyl-cysteine synthase (cECS), which catalyses the first committed step of glutathione synthesis (Vernoux et al., 2000) , NADPH-thioredoxin reductase (NTR), which functions in the NADPH-dependent thioredoxin system (Reichheld et al., 2007) , and GDP-L-galactose phosphorylase (GGP), a key regulatory enzyme of ascorbate synthesis (de Simone et al., 2017) . A strong mutant allele of cECS (rml1) results in a root meristemless phenotype, with the RAM arrested in G1 (Vernoux et al., 2000) , while weaker alleles show reduction in lateral root density (Considine and Foyer, 2014) . A degree of redundancy between glutathione and NTR in the SAM has also been demonstrated, with double mutants of NTR (ntra ntrb) being hypersensitive to a reduction in glutathione, resulting in a shoot and root meristemless phenotype (Reichheld et al., 2007) . Intracellular cycles in redox state have been functionally related to the cell cycle, as previously demonstrated in animal cells (Menon and Goswami, 2007) . In plant cell cultures, glutathione was shown to shuttle into the nucleus during G1, leaving the cytosol relatively oxidized (Diaz-Vivancos et al., 2010). Direct evidence that this reflects the state in planta, and hence that redox poise intimately regulates proliferation, was recently established using a redox-sensitive GFP reporter (roGFP), with additional cell identity and cell cycle reporters in synchronized RAM cells (de Simone et al., 2017) . The cytosol and then nuclei were transiently oxidized during the G1 phase, followed by redox reduction in G2. Mild oxidation in the background of weak GGP mutants (vtc2) impaired the redox rhythms and reduced nuclear size. The vtc2 lines had $20 % of the wildtype concentration of ascorbate in the leaves but otherwise showed only a mild phenotype of slow growth. Hence this is consistent with the intracellular shuttling of glutathione. Together with the tight relationship between ROS and auxin functions in the meristem, this line of research promises to reveal a great deal more about the post-translational regulation of meristematic quiescence.
Three further studies indicated an important role for mitochondrial function in regulating ROS and redox signalling in relation to quiescence and cell fate. Loss of function of a mitochondrial NTPase (APP1) in Arabidopsis led to reduced activity of Complex I and reduced levels of ROS but increased proliferation of QC cells, and promoted differentiation of distal stem cells (Yu et al., 2016) . Complex I is a key site of mitochondrial O
•À 2 generation (Millar et al., 2001 ). The app1 phenotype was dependent on reduced ROS levels, as treatment with methyl viologen or H 2 O 2 rescued the wild-type phenotype in app1 mutants (Yu et al., 2016) . The increased QC proliferation was attributed to reduced expression of SCR and SHR, although genes coding for PLT, B-type cyclin and other prominent QC and stem cell transcription factors were unaltered. Consistent with these findings, the loss of function of an ATP-dependent mitochondrial protease (FTSH4) resulted in increased ROS levels in the SAM, leading to meristem termination at mildly elevated temperature (30 C; Dolzblasz et al., 2016) . The authors suggested that FTSH4 plays a role in regulating stem cell mitochondrial transmembrane potential, thus affecting the intracellular redox state, and that this underpinned the termination of stem cell fate. In addition, it was suggested that FTSH4 plays a role in redox regulation of auxin signalling. Thus, data on APP1 and FTSH4 in the RAM and SAM are consistent with a strong relationship between intracellular redox state and quiescence, proliferation and cell fate. However, the interrelationship between ROS/redox and hormone signalling in regulating the cell cycle is still not entirely clear. Firstly, a study of the ABAoverly-sensitive mutant (abo8-1) mutant, which affects mitochondrial ROS, found an alternative relationship between ROS and proliferation (Yang et al., 2014) . The abo8-1 mutant is defective in a PPR protein responsible for the splicing of NAD4 intron 3 of mitochondrial Complex I, accumulates more ROS in the RAM and displays reduced proliferation, reduced meristem size and an altered auxin gradient (Yang et al., 2014) . Reduced proliferation in abo8-1 was attributed to reduced expression of PLT and B-type cyclin genes, while glutathione supplementation could partially rescue the phenotype. Hence, while crosstalk between ROS and auxin is implicated in the abo8-1 phenotype, there was no simple inverse relationship between ROS and proliferation. Secondly, evidence suggested that the app1 phenotype was independent of auxin (Yu et al., 2016) . Such inconsistencies in the phenotype of ROS and redox mutants have been observed in other physiological functions in meristems, e.g. the effect of mitochondrial versus plastid ROS on plasmodesmatal aperture (Stonebloom et al., 2012) . Thus, it has been noted that the intracellular location, type and concentration of ROS or the redox gradient are variables that must be considered further. It would be interesting to follow the intracellular redox state in these and other mutants with the roGFP redox reporters targeted to several organelles.
It is widely accepted in mammalian tissues that stem cell identity, proliferation and fate are dependent on the cellular oxygen concentration, in addition to redox status and ROS-dependent signalling. Numerous studies on mammalian cells have indicated that the stem cell niche is maintained at a low oxygen partial pressure to avoid the deleterious effects of oxygen on proteins and DNA through ROS production (Mohyeldin et al., 2010) . Evidence suggests that physiological hypoxia is central to the identity and fate of mammalian stem cells (Webster, 2007) . Although direct measurement of the oxygen partial pressure in plant stem cell niches has yet to be performed, regulated transitions in oxygen status are mechanistically involved in vital developmental events such as seed germination, the skotophotomorphogenic transition and meiosis (reviewed by Considine et al., 2017) . The present evidence from tissue oxygen availability and mathematical models (Armstrong and Armstrong, 2014) and biochemical and molecular signatures suggests that the QC is also maintained in a hypoxic state, to preserve genome integrity and pluripotency. However, this idea requires validation. The development and calibration of cellular oxygen reporters, analogous to the roGFP redox reporter, will greatly enhance understanding of the role of oxygen in cell quiescence, proliferation and fate.
Axillary shoot meristems/buds
The proliferation of shoot apical meristems and axillary buds is highly regulated and organized, similarly to the root, albeit with the additional input of light. We refer here to non-dormant buds, otherwise known as paradormant buds (Lang et al., 1987) , where outgrowth of quiescent shoots is regulated by the balance of hormone (Shimizu-Sato et al., 2009) and sugar signalling (Barbier et al., 2015a) , and external inputs such as light quality (Leduc et al., 2014) . For detailed description of the roles of light, hormone and sugar signalling in axillary bud outgrowth we refer to recent reviews (Shimizu-Sato et al., 2009; Leduc et al., 2014; Barbier et al., 2015a) . As seen in quiescent root meristems, cells of quiescent buds are predominantly arrested in the G1 phase (Table 1) . Early studies examining bud outgrowth following decapitation in pea identified rapid changes in expression of genes coding for CDC2 kinase and CYCB, as well as histones H2A and H4, ribosomal protein rpL27 and rpL34, and a MitogenActivated Protein Kinase (MAPK), belonging to a family of highly conserved serine/threonine protein kinases involved in basic cellular processes (Devitt and Stafstrom, 1995) . Nevertheless, genetic manipulation of canonical cell cycle regulators has rarely resulted in alteration of the overall developmental behaviour, despite change in mitotic activity (Grandjean et al., 2004) . One of the more elegant examples, however, was ectopic differentiation induced by transient expression of RBR in the shoot apical meristem (Wyrzykowska et al., 2006) , which is consistent with data from the RAM (see above).
In Arabidopsis, BRANCHED1 (BRC1), a homologue of the tillering repressor TEOSINTE BRANCHED1 (TB1) of sorghum, appears to be a major hub of signals regulating axillary bud quiescence and outgrowth (branching). BRC1 is required for axillary bud quiescence in response to far-red light or apical dominance (Gonz alez-Grand ıo et al., 2013). BRC1-dependent genes include several canonical cell cycle regulators functioning in S phase and cytokinesis, as well as ribosomal proteins. These transcripts are repressed in wild-type plants under farred-rich conditions or increased following decapitation, supporting the findings in pea. In addition, ABA response genes are positively regulated by BRC1, indicating that BRC1 is also upstream of ABA function in branching control, while cytokinin, auxin, strigolactone, light quality and sugar signalling are upstream of BRC1. BRC1 and TB1 are members of the TCP (CINCINNATA-like, TEOSINTE BRANCHED1-CYCLOIDEA-PCF) family of transcription factors. Class I TCP members generally promote cell division, while class II members, including BRC1 and TB1, are repressors. Another class II TCP member, TCP4 of Arabidopsis, was shown to arrest budding yeast at the G1/S transition when ectopically expressed (Aggarwal et al., 2011) .
Hormones also regulate branching through activation of NADPH oxidases (RESPIRATORY BURST OXIDASE HOMOLOGUE; RBOH) to produce O 2
•À and consequently H 2 O 2 (Considine and Foyer, 2014) . RBOH have a prominent role in ROS generation and act as a central signalling hub incorporating several signal transduction pathways in plants. Silencing one or two homologues of RBOH in tomato resulted in up to a 10-fold increase in axillary bud outgrowth, associated with reduced H 2 O 2 and altered auxin and cytokinin synthesis and transport (Chen et al., 2016) , which is consistent with findings in Arabidopsis roots (Li et al., 2015) , but contrary to the effects on non-dormant pea seeds (Barba-Espin et al., 2011) and dormant grapevine buds. The nature of these differential effects, whether genetic, developmental or concentration-dependent, remains to be explored.
Recent reports have provided strong evidence that sink strength/sugar signalling, rather than auxin, is primary in regulating apical dominance (Mason et al., 2014; Barbier et al., 2015a, b) . This provides further context for understanding the direct and indirect regulation of the cell cycle in axillary buds, including BRC1, but notably also via SnRK1 and HEXOKINASE1 (HK1; Barbier et al., 2015a) , and TOR1 (Considine and Considine, 2016) . Sucrose can directly activate cell cycle regulators, notably the CYCDs, promoting G1/S transition, but also regulators of G2/M transition (Barbier et al., 2015a) .
Taking these findings together, axillary bud quiescence is a latent, opportunistic state. BRC1 appears to be a key hub between hormone, sugar and light signalling in regulating bud outgrowth, but the signalling relationship with the cell cycle and how redox signalling may interact remain to be explored. Another significant opportunity for future research is to translate knowledge of how proteolysis functions in regulating axillary bud outgrowth.
DORMANT SEEDS AND PERENNIAL BUDS
Dormancy is the eco-developmental quiescence of a meristematic or embryonic organ, whereby growth fails (is viable but incompetent) to respond to favourable conditions until sufficient entrainment by environmental cues (Considine and Considine, 2016) . As with quiescent tissues, the cells of dormant meristems have largely been observed to be arrested in the G1 phase (Table 1) . Fundamentally, two considerations must be borne in mind in relation to cell cycle control and dormancy: (1) it is widely accepted that, following release of dormancy in seeds, hydration and cell expansion drive germination sensu stricto before cell division resumes (Bewley, 1997) ; and (2) despite extensive quantitative trait locus (QTL) studies, particularly in Arabidopsis (Chahtane et al., 2016) , a mechanistic relationship between most dormancy QTLs and canonical cell cycle regulators is yet to be established. This is despite some QTLs, such as DELAY OF GERMINATION1 (DOG1), accounting for >10 % of the natural variance in seed dormancy (Bentsink et al., 2006) . While there is evidence of early activation of the cell cycle during dormancy release in buds and cambial meristem of several species (Considine and Considine, 2016) , the lack of QTLs directly implicated in cell cycle control in dormancy may suggest that the cell cycle is subordinate to the major hubs of dormancy control, and quantitatively regulated. Although reverse genetics of some regulators of the canonical cell cycle have altered the dormancy phenotype (Table  2) , chromatin accessibility regulated by histone modifications of dormancy-associated genes provides a more consistent path to regulation of the cell cycle during dormancy (Considine and Considine, 2016) . For further comment on chromatin accessibility we refer authors to recent reviews on quiescence (Coller, 2007) and the cellular chromatin state (de la Paz Sanchez et al., 2015) .
Nuclear quiescence is associated with a primarily heterochromatin state. Two evolutionarily conserved functions that regulate the chromatin state during quiescence and active growth are the Polycomb group (PcG) and Trithorax group (TrxG) complexes. Characteristically, the PcG complex functions to repress gene activity, associated with a heterochromatin state, by trimethylation of histone-3 lysine-27 (H3K27), dimethylation of H3K9 and ubiquitination of H2AK118/119, while the TrxG complex functions to antagonize PcG activities and promote a more euchromatic state of active transcription, by trimethylation of H3K4 and K3K36 (de la Paz Sanchez et al., 2015) . Accordingly, the expression and physiological function of the major dormancy loci in seeds and perennial buds are demonstrated to be regulated by a balance of characteristic PcG and TrxG modifications. The major dormancy loci in seeds include DOG1 and those in perennial buds include DORMANCY ASSOCIATED MADS BOX1 (DAM1) and EARLY BUD-BREAK (EBB1). In several species, the expression of homologues of DOG1 (Müller et al., 2012; Molitor et al., 2014; Footitt et al., 2015) in seeds and DAM1 (Horvath et al., 2010; Leida et al., 2012; Saito et al., 2015) in perennial buds, increased trimethylation of H3K27 and decreased trimethylation of H3K4 coincide with the decline in gene expression and release of dormancy, and vice versa at the onset of dormancy (Considine and Considine, 2016) . More recently, expression of EBB1, a member of the APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) family and positive regulator of bud burst (Yordanov et al., 2014) , was also shown to be associated with trimethylation of H3K4 and, moreover, evidence was presented suggesting direct interaction between the EBB protein and the promoter region of D-type cyclins (Anh Tuan et al., 2016) . The FLOWERING LOCUS T (FT) gene is a pivotal signal for photoperiod regulation of flowering, which has also been implicated in photoperiod (Böhlenius et al., 2006) and temperature control of bud dormancy (Rinne et al., 2011) . Recent studies also implicate PcG-mediated repression of FT expression, which is disrupted by the photoperiod pathway to enable long-day flowering . It remains to be established whether similar features govern FT expression during dormancy transitions. Howe et al. (2015) identified a further set of candidates for chromatin regulation during dormancy onset and release. Hence these data, in dormant seeds and perennial buds, are consistent with a view that nuclear dormancy is regulated at the level of chromatin modification characteristic of the PcG and TrxG activities.
It is worthwhile considering the interface between hormone and nitric oxide (
• NO) signalling and chromatin regulation. The regulatory crosstalk between ROS and the major hormone signalling pathways during dormancy release has been described in recent reviews (Diaz-Vivancos et al., 2013; Considine and Considine, 2016; Née et al., 2017) . Cytokinins are involved in breaking dormancy and known to induce the expression of cyclins, both directly and by inducing
• NO accumulation (Fig. 2) . For example, treatment with a synthetic cytokinin (1-(a-ethylbenzyl)-3-nitroguanidine) terminated potato tuber dormancy, through the upregulated expression of genes coding for a D-type cyclin, along with histones H1B, H2A, H2B, H3 and H4, and the downregulation of an AGAMOUS-like MADS box transcription factor homologous to the Prunus persica DAM genes (Campbell et al., 2014) . Transcripts homologous to Arabidopsis SWITCH2/SUCROSE NON-FERMENTABLE2 (SWI2/SNF2), involved in regulation of genome methylation state, and to ARGONAUTE4 (ARGO-4), involved in histone H3 methylation and structural alteration of chromatin, showed increased expression levels (Campbell et al., 2014) . In addition, gibberellic acid (GA) has been shown to promote the expression of two B-type cyclins (CYCB2;1 and CYCB2;2) and a CDC2 protein kinase in rice (Sauter, 1997) , as well as D-type cyclin (CYCD3) in leafy spurge (Horvath et al., 2005) . In contrast, ABA may prevent cell division acting through the induction of KRP1, which inhibits CDKs (Wang et al., 1998) . Olsen (2003) suggested that the opposite effects of GA and ABA in dormancy may be explained by KRP1, as its expression is induced by ABA but inhibited by GA (Fig. 2) . Furthermore, although it has been suggested that ethylene and ABA are antagonistic (Corbineau et al., 2014) , the signalling cascade induced by ethylene has also been suggested to repress CDK activity (Fig. 2) . Recently, two Arabidopsis histone demethylases, LYSINE SPECIFIC DEMETHYLASE LIKE1 and 2 (LDL1 and LDL2), were shown to act redundantly in repressing seed primary dormancy (Zhao et al., 2015) . Additionally, the two SIN3-LIKE1 proteins SNL1 and SNL2, members of the histone deacetylation complex, were suggested to regulate seed dormancy by mediating the ABA-ethylene antagonism (Wang et al., 2013) . The effect of ABA may vary depending on the cell cycle state. For example, during mitosis the C2H2 zinc finger transcription factor family becomes phosphorylated at the conserved linker region, resulting in dissociation from mitotic chromatin (Rizkallah et al., 2011) . Consequently, C2H2 zinc finger proteins that are usually induced by ABA, such as ARS1 in Arabidopsis (Baek et al., 2015) , are not able to activate the transcription of the genes under its regulation and therefore ABA will not trigger that response in mitotic cells. In particular, these transcription factors are suggested to induce enzymatic antioxidant defence. If cells are in the G1 and G2 phases, ABA will promote antioxidant defence, controlling ROS levels. However, it is speculated that this may not be the case during M phase. To summarize, chromatin modification/accessibility and ROS/hormone-related signalling appear to be defining features governing dormancy, with little evidence that the degree of proteolytic control seen in meristematic quiescence is also central to dormancy. This may reflect the different degrees of latency and required response times, with proteolytic control relatively more rapid than gene expression. A heightened function for regulated chromatin accessibility in dormancy may also reflect the more hostile environmental and cellular conditions prevailing, and thus the need to protect the genome. Finally, it is it is considered that there is strong regulation of the G1/S transition. RBR mediates the repression of genes involved in the S phase. Abscisic acid (ABA) induces the activity of CDKA inhibitors, KRP1 (ICK1) and KRP2 (ICK2), inhibiting G1/S transition. Although it is suggested that ethylene (ET) and ABA are antagonistic, the signalling cascade induced by ET has also been suggested to repress CDKA activity. The histone deacetylation mediated by SNL1 and SNL2 is suggested to promote this ABA-ethylene antagonism. This modification would be relevant in the dormant state. (B) Histone demethylation, mediated by LDL1 and LDL2, would have implications for dormancy release by reducing ABA signalling (by repressing the expression of ABA2, ABI3 and ABI5). Cytokinins (CK) induce CYCD both by themselves and by inducing nitric oxide (
• NO) accumulation. GA represses the CDK inhibitors and promotes CYC and FT, which is suggested to induce CDK. Moreover, ET induces gibberellic acid (GA) signalling. In such a situation the complex CYCD/CDKA is able to phosphorylate RBR, allowing the expression of genes involved in S phase. Hence the non-dormant state is characterized by the presence of a greater G1:G2 ratio. CAK, CDK-activating kinases; CDK, cyclin dependent kinases; CYC, cyclins; LDL, lysine-specific demethylase like; RBR, retinoblastoma related protein; SNL, SIN3-like.
worthwhile commenting on some areas of ambiguity. Although several modes of dormancy have been described in seeds, differing in physical or physiological behaviour, reports have occasionally failed to describe the physiological state of seeds or buds adequately, leading to some uncertainty over the distinction in cell cycle control between different modes of dormancy. One example is secondary dormancy, which takes place following prolonged exposure to mild stress conditions (Hilhorst et al., 2010) . Thus, some data are omitted from Tables 1 and 2 , because the description of physiological state was inadequate for a judgement to be made. The issue of secondary dormancy may also extend to perennial buds; although to date this has only been described in seeds, it is conceivable that secondary dormancy also occurs in buds of temperate perennials, e.g. buds that fail to burst for one or more years. Additionally, there is evidence that dormancy in temperate perennials develops with age, similarly to floral competence (Böhlenius et al., 2006) , suggesting that caution should be used in interpreting studies with juvenile perennials. However, to date no study has directly investigated age-related control of the cell cycle in buds of temperate perennials.
SWITCH FROM CELLULAR PROLIFERATION TO DIFFERENTIATION
Higher plant cells proceed through lineages of differentiation following mitosis. In the absence of cytokinesis, however, cells continue replicating their DNA through endoreduplication (de Veylder et al., 2007; Polyn et al., 2015) . The initiation of differentiation requires asymmetrical division of undifferentiated cells to form progeny cells with distinct cell fates. Various developmental processes, including the initiation of lateral roots and embryogenesis and the development of stomata and pollen, are regulated through asymmetrical divisions. Available evidence suggests the specific involvement of APC/C E3 ligase and regulation by cytokinin and the balance of O 2 •À to H 2 O 2 to be important in the commitment to differentiation (Polyn et al., 2015; Fig. 3) .
As indicated earlier, CCS52A1 regulates the onset of the endocycle through activation of the APC/C E3 ligase, in contrast to CCS52A2, which defines quiescence. In turn, CCS52A1 is regulated by cytokinins, acting via B-type ARABIDOPSIS RESPONSE REGULATOR (ARR) transcription factors (Takahashi et al., 2013) . ARR2 directly upregulates expression of the CCS52A1, while further B-type ARRs promote expression of auxin signalling repressors. The APC/C CCS52A1 targets the mitotic A-type cyclin to the proteasome, thereby shortcircuiting mitosis (Boudolf et al., 2009) .
Fine-tuning of ROS levels has also been demonstrated to influence cell fate and the commitment to differentiation (reviewed by Considine and Foyer, 2014; Considine et al., 2017) . Root cell proliferation and elongation are known to be regulated by O 2
•À and H 2 O 2 , respectively. Notably, the transcriptional repression of peroxidases in the Arabidopsis root transition zone by the UPBEAT1 (UPB1) transcription factor controls the balance of O 2
•À and H 2 O 2 , which appears to be central to the commitment to differentiate (Tsukagoshi et al., 2010) . In turn, H 2 O 2 influences the level of UPB1 through a feedback loop. Interruption of UPB1 activity causes delayed inception of differentiation due to disruption of ROS homeostasis. In addition, the MYB DOMAIN PROTEIN36 (MYB36) regulates transition from proliferation to differentiation during development of the root epidermis and later stages of lateral root primordium, in a manner related to UPB1 (Liberman et al., 2015; Fern andez-Marcos et al., 2017) . In myb36 mutants there is reduced expression of UPB1 along with additional cell divisions in the meristematic and elongation zones. Although the evidence is somewhat conflicting, the balance of O 2
•À and H 2 O 2 also appears to be central to differentiation during leaf development. Arabidopsis KUODA1 (KUA1) modulates expansion but not proliferation during Arabidopsis leaf development through transcriptional regulation of peroxidase genes (Lu et al., 2014) . In kua1-1 mutants there is reduced leaf cell size and increased activity of peroxidase. Taking these findings together, regulated proteolysis of canonical cell cycle activities, together with finetuning of ROS, serves to restrict cell cycle re-entry and promote the endocycle in the transition to terminal differentiation.
Of other components of the canonical cell cycle (Fig. 1) , RBR, in partnership with E2Fc, and the KRPs appear to play key roles in regulating the commitment to differentiation. Repressing E2Fc in Arabidopsis resulted in increased expression of B-type cyclin in dividing and differentiated tissues, whereas its overexpression reduced the number of cells in the G2/M phase in the dividing areas (del Pozo et al., 2006) . Degradation of E2Fc is regulated by an SCF E3 ligase with the F-box subunit SKP2A, rather than APC/C. The expression level of KRPs also appears to regulate the balance of proliferation and differentiation. For example, in the Arabidopsis root KRP5 is a positive regulator of the endocycle and cell expansion (Jégu et al., 2013; Wen et al., 2013) , while in the shoot KRP3 appears to function similarly. However, strong overexpression of KRP2 resulted in reduced ploidy levels, whereas lines with weak overexpression showed elevated ploidy levels and reduced mitotic cycles in Arabidopsis leaves (Verkest et al., 2005) . 
CONCLUSIONS
Here we have considered the major regulators of the cell cycle and in turn how their function is regulated during three modes of quiescence in plants, each physiologically distinct but cytologically characterized by cell cycle arrest in the G1 phase: meristematic quiescence, dormancy and terminal differentiation. Our first question was whether the canonical cell cycle regulators are superior or subordinate in the regulation of quiescence. Although there is evidence for altered quiescence, dormancy or differentiation phenotypes in mutants of the canonical cell cycle regulators, by and large control appears to be superior, regulated at the level of the ubiquitin proteasome system and chromatin accessibility. We then questioned whether these three modes of quiescence were governed by distinct controls. As summarized in Fig. 3 , the review found not only distinct controls but distinct levels of control, particularly between meristematic quiescence and dormancy. Meristematic quiescence is intrinsically linked to the non-cell-autonomous regulation of meristem identity and is particularly defined by regulated proteolysis, together with ROS/redox and hormone fine tuning. Consistently, the CCS52A2 activator of the APC/C E3 ligase together with auxinand ABA-dependent signalling were identified as regulators of meristematic quiescence. In contrast, dormancy appears to act at a level superior, i.e. subsequent, to meristematic quiescence. Current literature points consistently to PcG-type histone modifications of particular dormancy genes in defining the decision to enter or exit dormancy. Whether or how this is regulated by ROS and hormone signalling poses an interesting question for future research, considering the consistent evidence of ROS and hormone functions in dormancy transitions. Meanwhile, terminal differentiation is regulated in a remarkably analogous manner to meristematic quiescence -via CCS52A1 and cytokinin signalling, together with ROS homeostasis. Although ROS-hormone and hormone-proteolysis crosstalk has been described in both meristematic quiescence and terminal differentiation, crosstalk between ROS or redox and proteolysis has yet to be established, but remains a plausible mechanism of fine-tuning cellular decisions. Further research building the relationships between the canonical cell cycle, meristem identity, proteolysis, ROS/redox, hormone, and chromatin accessibility promises to enrich the understanding of plant developmental and stress biology, including other important agricultural and ecological contexts of quiescence such as hypoxia, darkness, nutrient limitation and senescence.
